Two major earthquakes of M L greater than 6.0 occurred in Taiwan in the first half of 2013. The vibrant shaking brought landslides, falling rocks and casualties. This paper presents a seismic network developed by National Taiwan University (NTU) with 401 Micro-Electro Mechanical System (MEMS) accelerators. The network recorded high quality strong motion signals from the two events and produced delicate shaking maps within one minute after the earthquake occurrence. The high shaking regions of the intensity map produced by the NTU system suggest damage and casualty locations. Equipped with a dense array of MEMS accelerometers, the NTU system is able to accommodate 10% signals loss from part of the seismic stations and maintain its normal functions for producing shaking maps. The system also has the potential to identify the rupture direction which is one of the key indices used to estimate possible damage. The low cost MEMS accelerator array shows its potential in real-time earthquake shaking map generation and damage avoidance.
INTRODUCTION
Taiwan is located on the convergent zone between the Philippine Sea Plate and the Eurasian Plate. The measured convergence rate of the two plates is about 80 mm per year (Yu et al. 1997) . Therefore, there are high crustal deformations and frequent earthquake activities around Taiwan. Occasionally, a large earthquake can cause serious damage.
In the first half of 2013 two major earthquakes of M L greater than 6.0 occurred in Nantou County, Taiwan (Fig. 1) . The vibrant shaking caused landslides and falling rocks, and resulted in many casualties. By quickly producing shaking maps near the epicenter shaking intensities are understood and damage estimated. Emergency responses can also start within a few minutes after a damaging earthquake occurrence (Wu et al. 2002 (Wu et al. , 2003 (Wu et al. , 2004 .
A shaking map is a contour figure illustrating the Peak Ground Acceleration (PGA) distribution collected from different strong motion stations over a geographical area. A seismic network with high density strong motion stations can enhance the PGA map resolution. However, the high cost of traditional seismometers prevents broader installation. Because a high resolution PGA map is important for damage estimation and emergency responses, a low cost alternative is desperately needed to facilitate shaking map generation.
MEMS (Micro-Electro Mechanical System) accelerometers have been introduced in seismic applications since the 1990's (Holland 2003) . The miniature devices provide an ideal, cost-saving solution for recording strong ground motion signals. Therefore, MEMS devices have been widely E a r l y R e l e a s e used in developing large-scale, dense seismic networks (Wu et al. 2013a) .
The Quake-Catcher Network (QCN), a crowd-sourcing seismic network, is designed to collect PGAs through Internet-connected personal computers equipped with internal or external MEMS accelerometers. The QCN is operated by global volunteers who record and share seismic records. The network is appropriate for detecting moderate and large quakes (Cochran et al. 2009 ).
In October 2007 Japan began a new service, Earthquake Early Warning (EEW), for its residents provided by the Hi-net seismic network (Hi-net). The average distance between two stations in Hi-net is about 25 km. A challenge to Hi-net is it needs to deploy seismic sensors with higher density in the epicenter vicinity. An estimation shows that more than 10-times the present number of sensors are needed to meet the demand and the cost is not affordable for the Japanese government. An alternative solution, called home seismometer, combines low-cost MEMS accelerometers and A/D converters for earthquake early warning at home and office (Horiuchi et al. 2009 ).
In 2010 the research team at NTU initiated a pilot experiment by installing a seismic network with 15 MEMS accelerometers, named "Palert", in Hualien County (Wu and Lin 2013) . The experimental deployment shows the potential of using MEMS devices for detecting and recording earthquakes in Taiwan. The Hualien network outcome demonstrates good performance and high reliability of the Palert devices. Based on the pilot project, the network was extended to other areas of Taiwan. Currently, 401 stations were installed by first quarter of 2013 ( Fig. 1 ; Wu et al. 2013a ). Most of the stations are located in elementary schools where power and Internet connections are provided. Therefore, the cost of building the network was reduced. Whenever an earthquake occurs around Taiwan a shaking map can be produced within one to two minutes based on the data collected by the NTU network. The two major earthquakes mentioned above are used as examples in this Fig. 1 . The station distribution of the NTU Palert and CWB earthquake early warning system. E a r l y R e l e a s e paper to illustrate the latest NTU network developments.
LOW COST SEISMIC NETWORK
Since 1995 the Central Weather Bureau (CWB) has been operating a government-supported EEW system covering the 35900 km 2 area of Taiwan. The EEW system run by the CWB includes 109 real-time stations composed of traditional force-balanced accelerometers. The distance between the stations is about 30 km. According to the ElarmS outcomes adopted by Northern California, ideal seismic monitoring grid spacing for earthquake early warning is about 20 km or less (Allen et al. 2009 ). Due to the more complicated topography and geological properties in Taiwan, the station spacing should be finer. Similar to Japan, the financial considerations (Horiuchi et al. 2009 ) involved in traditional force-balanced accelerometers are not appropriate for Taiwan. Instead, a seismic network with MEMS accelerators is a better solution for EEW in Taiwan (Wu and Lin 2013; Wu et al. 2013a ).
The Palert is a P-wave detecting device, which is a joint product designed and manufactured by the NTU research team and a private corporation. Using MEMS technology, it is a light-weight, low-cost device. Its cost is less than onetenth that of the traditional strong motion instruments. The device is designed to record three-dimensional acceleration signals in real-time. The signal resolution is 16 bits with a measurement range from -2 to +2 g. The software algorithm enables the device to capture the initial P waves and estimate parameters like peak amplitude of displacement (Pd) as it is triggered. When the up-coming seismic waves estimation exceeds the configured thresholds, Pd larger than 3.5 cm or PGA larger than 80 gal, the device starts sending alarms for onsite EEW purposes (Kanamori 2005; Kanamori 2005a, 2005b; Wu et al. 2011 Wu et al. , 2013a .
The Palert is more than a stand-alone device. It can be connected as a regional or front-detection EEW system (Kanamori 2005; Wu and Kanamori 2005a) though the Internet and provide a real-time shaking map. Palert EEW system results have been reported by Wu et al. (2013a) . We focus on the real-time shaking map system in this paper. Figure 2 shows the system configuration of the Palert network. For seismic data processing real-time signals are delivered from local sites to the central station in NTU via the Internet. At the central station signals are processed and stored within the Earthworm system developed by the United States Geological Survey (Johnson et al. 1995) . The real-time signals are also shared with the shaking map program developed in this study through a shared memory to produce a real-time shaking map.
REAL-TIME SHAKING MAPS OF THE 2013 NANTOU EARTHQUAKES
Two consecutive shallow earthquakes occurred in Central Taiwan on 27 March (M L 6.1) and 2 June (M L 6.3) in 2013. The focal depth of the former quake is 19.4 km and the latter one is 14.5 km reported by the CWB rapid reporting system. This is a well-known earthquake location region by the CWB seismic network (Chang et al. 2012; Wu et al. 2013b) . Both epicenters are located in Nantou County with a distance less than 8 km (Fig. 1) . Chuang et al. (2013) studied the causative faults of these two events. The strong motion records analysis from the epicentral regions show that acceleration durations exceeding 250 gal were recorded in both events in less than two seconds. Acceleration duration E a r l y R e l e a s e greater than 80 gal was recorded in the latter event.
No ground ruptures were observed after the two events. However landslides and falling rocks were reported. In March, the first Nantou earthquake claimed one life, injured 97 and most casualties occurred in Taichung City and Nantou County. The Taiwan High Speed Rail suspended its service to check for possible damage. The second Nantou earthquake took four lives and wounded 77. The casualties were distributed mainly in Nantou County. Power supply was temporarily interrupted in some districts. In Nantou County serious landslides were found at four sites. The largest landslide area was about 14 hectares and a 0.2-hectare barrier lake was also reported due to falling rocks blocking a river channel.
These two earthquakes provided a test platform to verify the performance and quality of the NTU seismic network. From the outcomes the central station received high quality strong motion signals (Fig. 3) and generated shaking maps within one minute after the earthquake occurrence. The NTU network has more than three times the number of stations compared to the CWB's system. Taking the advantage of the higher station density the NTU network produces a more accurate and refined shaking map (Fig. 4) .
With a relatively sparse number of stations the CWB system generates a decent shaking map. There are 401 stations in the NTU system, with each station covering an average area of 90 km 2 . Figure 5 shows the damage and casualty drawn drawn with respect to the higher shaking regions in the intensity map produced by the NTU system.
A series of aftershocks occurred after the main shocks. The locations are close to the main shock epicenter. The stations recording the high intensity shock and aftershocks were distributed in the west-north-west direction from the first event observation. The main-shock epicenter is located at the east-south-east corner of the high-intensity zone. Therefore, a rupture could proceed from the hypocenter along the E a r l y R e l e a s e E a r l y R e l e a s e west-north-west direction, resulting in high seismic intensity distributed in the west-north-west direction.
The high intensity regions of the second Nantou earthquake and the aftershock distribution are located along the west-south-west direction from the epicenter. There were several aftershocks recorded in the east-north-east direction from the epicenter. This may imply that ruptures could be in two directions. The main rupture went west-south-west and the other was along the east-north-east.
Identifying the rupture direction is one of the key indices used to estimate possible damage after an earthquake occurs. This process depends on the aftershock focal mechanism and spatial distribution. A fault-plane solution can be performed in several minutes after an earthquake occurs, but a period of time is needed to understand the aftershock distribution. There are a number of current optional methodologies to estimate the rupture direction, but all of these methods require more time to analyze the data. Figure 5 shows that most of the aftershocks following the two Nantou earthquakes occurred in high seismic intensity regions. In the future, if the focal mechanism is acquired, we might estimate the rupture plane accurately as mentioned above. It will be helpful for damage assessment. However, more efforts are still in the future.
Another M L 6.4 event occurred on 31 October 2013 in Hualien County. It also showed a high shaking region consistent with the aftershock distribution. Figure 6 shows the shaking map for the 2013 Hualien earthquake and the aftershock distribution. The aftershock locations are close to the main shock epicenter. The stations recording the high intensity shock and aftershocks were distributed in a direction north of the main shock. Therefore, the rupture could proceed from the hypocenter along the north direction, resulting in high seismic intensity distributed in the northern direction.
DISCUSSION AND CONCLUSIONS
Considering electricity and telecommunications service disruptions after a major earthquake, seismic network operations could be partially or totally suspended. Especially in a sparse-grid network, one or a few stations down could severely affect network operations. In contrast, the dense grid of the NTU system is able to accommodate signal loss from a portion of the seismic stations and still maintain its normal functions, including producing shaking maps within one minute and assisting in loss estimation and emergency operations. The NTU system may be capable of calculating the characteristics and source rupture parameters, which are not possible for a sparse network. Figure 7 shows the near epicentral strong motion records from the 2 June 2013 M L 6.3, Nantou Earthquake recorded by the NTU Palert network. A few stations could not send data to the central stations, as generally occurs after S waves. This phenomenon may be caused by the short instability of both power and the Internet during and after large shakings. During this event about 10% of the stations could not transfer signals to the central station. However, the other 90% stations kept the system smoothly in operation (Wu et al. 2013a) . Now the number of Palert stations in the NTU system exceeds 400 and the installation process is still on going. According to the proposal about 600 stations will be in operation after the project is completed. To make full use of limited and available resources, the NTU research team will focus on technology development and maintain close cooperation with the CWB, which is the official earthquake information reporting agency in Taiwan. Currently, the CWB system also receives signals transmitted by the NTU system. Thus, the CWB could combine two strong motion signal sources to produce shaking maps. As shown in Fig. 6 , a combination of the two systems does help in making enhanced shaking maps which benefit disaster risk reduction, emergency preparations and emergency response.
